Brewery industry is one of the largest users of water and characterized by high levels of organic pollutants, and requires higher attention for remediation before discharge to the environment. This paper aims at providing a review of methods for treating brewery wastewater based implications using the state-of-the-art biological treatment technologies leading to water reuse and/or energy production. This could be linked to resource recovery as a sound and economic approach to alleviate fresh water scarcity and shortage of energy supply. In this review, the components of various bioreactors (i.e. membranes bioreactors, fluidized bed bioreactor and anaerobic bioreactors) and how efficiently these reactors can be utilized for treating and reuse of brewery wastewater are highlighted.
Introduction
Fresh water scarcity is a global concern, particularly in countries having a limited water resources and steady population growth (Jaiyeola and Bwapwa 2016) . Brewery industry is one of the main industrial users of water, discharges a huge amount of highly polluted effluents (Wang et al. 2008a, b; Wang et al. 2010; Wang et al. 2010 ) and often causes several environmental and public health problems (Olajire 2012) . The highest wastewater constituents of brewing includes soluble starch, sugars, ethanol, volatile fatty acids (VFAs), chemical oxygen demand (COD) and total suspended solids (TSS) (Chen et al. 2016) . For example, fermentation and filtering processes contribute to about 97% of biochemical oxygen demand (BOD) which accounts for 3% of the total wastewater volume (Simate et al. 2011) , which is higher than other industrial wastewaters (Wang et al. 2008a, b) . Depending on the production processes and specific water usage, production of 1 L of beer generates about 3-10 L of wastewater (Olajire 2012; Götz et al. 2014; Chen et al. 2016) . As demonstrated by Xu (2000) , 8-15% of beer is lost within the production line and discharge is over 90% of wastewater to the collection system. Thus, the generation of huge quantities of effluents demonstrates that the brewing industry poses major environmental challenges (Xiangwen et al. 2008) . Moreover, the disposal of untreated brewery wastewater into the water reservoirs constitutes a potential environmental problem, because the effluent contains organic compounds that require oxygen for degradation. When brewery wastewater with higher organic matter flows into a river, the bacteria in the river will oxidize the organic matter and consume the oxygen in the wastewater (Simate et al. 2011) . This shows that brewery wastewater requires an efficient treatment prior to discharge into receiving water bodies to avoid severe environmental pollution (Xu et al. 2013 ). In the brewery industry, the environmental regulations are more stringent and the price of water is also increased. This explains why call for water recycling is currently gaining more attention to alleviate water scarcity for the brewing process. It is therefore very critical that every drop of water must be preciously conserved in most developing countries such as sub-Saharan region where drought is perpetual and fresh water mostly polluted (Simate et al. 2011) .
In addition to the huge water requirement, large amount of energy is needed for the aeration process that can be considered as a big problem in the wastewater treatment (Wang et al. 2008a, b) . Among various wastewater treatment alternatives, biological methods are adopted for the treatment of brewery wastewater and have been reported to perform higher pollutant removal efficiencies (Ince et al. 2000; Parawira et al. 2005; Wang et al. 2008a, b) . Many authors have reported the potentials to recover various forms of renewable energies from brewery wastewater such as electricity (using microbial fuel cells) (Kim et al. 1999; Chaudhuri and Lovley 2003; Rabaey et al. 2003; Min and Logan 2004; Wang et al. 2008a, b; Wen et al. 2010) , biodiesel (Darpito et al. 2015) , biogas (Simate et al. 2011; Olajire 2012; Chen et al. 2016) and hydrogen production (Nakashimada et al. 2002; Argun et al. 2009; Ren et al. 2009; Zhao et al. 2009; Seifert et al. 2010; Shi et al. 2010; Long et al. 2010; Maintinguer et al. 2011; Harun et al. 2012; Maintinguer et al. 2015 Maintinguer et al. , 2017 . The use of conventional treatment of brewery wastewater such as physico-chemical and biological methods have been widely studied (Olajire 2012) and not incorporated in this paper. In this review, the water requirement and energy consumption, and state of the art brewery wastewater treatment technologies are highlighted. This is the first attempt to review the simultaneous water reuse capability and energy recovery potential of brewery wastewater. The challenges and future prospects are also presented.
Water and energy consumption in breweries
The brewing process is energy intensive and uses large volumes of water that constitutes about 92% by mass of beer, and the remaining 8% contains ethanol (Olajire 2012) . Water is utilized in almost each step of the brewing processes for special applications in cooling, cleanings, steam production and in heat exchangers. The most water intensive operational units of the brewing process and their water consumption rates are depicted in Table 1 , each phase contributes to the generation of brewery wastewater. A mass balance (Fig. 1 ) represents the energy and water inputs and outputs with respect to residues and sub products, air emissions and liquid effluents to which all specific values are per m 3 of the produced beer.
Higher water requirement of the brewery processes ( Fig. 1) contributes to a larger energy demand (Table 2) and discharges a huge amount of wastewater (Fig. 1, Table 3 ) to the environment. Higher energy is required in the brew house, where mashing and wart boiling are the main heat consuming processes (Table 2 ) with higher fuel consumption (Olajire 2012 and Donoghue et al. 2012 ).
Characteristics of brewery effluents
Various concentrations of pollutants within the brewing wastewater are produced from each processing unit (Akunna 2015) of the beer production. The composition of phosphorus and nitrogen (Table 3) is determined by the raw materials of beer production and the amount of yeast present in the effluent. In addition, the water ratio, amount of yeast discharged, use of malt and adjuncts, and the use of nitric acid for cleaning contributes to the increasing total nitrogen concentration (Simate et al. 2011; Olajire 2012) . Whereas, phosphorus comes from the cleaning agents and its concentration is governed by the water ratio and cleaning agents used (Olajire 2012; Akunna 2015) .
Treatment technologies of brewery wastewater
Recently, various bioreactor configurations have been applied for the treatment of brewery wastewater: membrane bioreactors and membrane filtration (Simate et al. 2011) , anaerobic membrane bioreactor (Chen et al. 2016) , fluidized bed bioreactor (Alvarado-Lassman et al. 2008; Simate et al. 2011; Olajire 2012 ) and anaerobic sequencing batch reactor (Xiangwen et al. 2008) for energy recovery and water reuse potentials.
Water reuse based approaches

Membrane bioreactor (MBR)
MBR is one of the flourishing reactor technology applied for water and wastewater treatments. Figure 2 shows the schematic process of the MBR which combines two proven process technologies that is the enhanced biological treatment and the filtration processes. Two MBR process configurations ( Fig. 3) can be identified (side-stream and submerged MBRs) based on how the bioreactor is integrated with the membrane. Corresponding to the other MBRs, membrane fouling is the most serious problem that affects the performance of MBRs, and subsequently needs to be cleaned frequently (Simate et al. 2011) .
(a) Side-stream MBRs: the membranes are placed outside the reactor while the mixed liquor circulates over the circulation loop that contains the membrane. These kinds of MBRs are highly energy intensive when compared to the sub-merged MBRs, because higher operational trans-membrane pressure (TMP) and the elevated volumetric flow needed to achieve the desired cross flow velocity. MBR has been studied for the treatment of various municipal and industrial wastewaters and drinking water, applied at a full scale (Simate et al. 2011 ). In brewery wastewater, the MBR (as demonstrated by Lu et al. 2019 ) also achieved over 99% COD removal from the treatment of brewery wastewater in mixed culture of photosynthetic bacteria-membrane bioreactor (PSB-MBR) for 440 days of continuous pilot scale (240 L) operations at 2200-4800 mg/L, 125-240 mg/L, 25-40 mg/L, 20-40 mg/L and 6.0-9.0, respectively for COD, NH 4 + , TP, SS and pH. This system is very effective and robust for treatment of high organic load brewery wastewaters and resources recovery outlooks.
Membrane filtration
Membrane filtration is considered as an integral component of wastewater and drinking water treatment applications (Simate et al. 2011) , based on the effective pore size of the membrane and the size of the impurities to be removed. Membrane filtration can be classified into four categories in their increasing order of pore size, they are hyper-filtration, nano-filtration, ultra-filtration and microfiltration. The processes of membrane filtration have operated in two ways, i.e. the dead-end and cross-flow filtrations (Fig. 4) .
The use of reverse osmosis or nanofiltration was investigated to remove organic pollutants and for desalination applications (Visvanathan and Pokhrel 2003; Simate et al. 2011) . Nanofiltration is relatively a recent membrane filtration process designed for the removal of low concentrations of total dissolved solids from ground and surface water with the purpose of water softening for removal of polyvalent cations, disinfections such as synthetic organic matter and natural organic matter within the normal membrane pore size of 1 nm (Letterman 1999) . Membrane filtration has two features:
(i) Dead-end filtratiaon-all of the feed water flows through the membrane (as permeate) so that all impurities that are too large to pass through the pores accumulate in the filter module, while removing some of the impurities are necessary. (ii) Cross-flow filtration-crossflow filtration involves flowing the feed water parallel to the membrane surface, with only a proportion passing through the membrane. The retained impurities remain in the retentate, which is normally recirculated. et al. (2004) investigated the use of nanofiltration for the treatment of brewery wastewater recycled for reuse by average removal of 100, 55, and 70% COD, Na + and Cl − , respectively. This shows that nanofiltration is sufficient for treating biological wastewater. However, this technique is not suitable for recycling of the waste streams i.e. bottle rinsing water, rinsing water from the bright beer reservoir, and rinsing water from the brewing room (Simate et al. 2011) . Therefore, nanofiltration is vital for the treatment of brewery wastewater with a common limitation of fouling which can be minimized through the use of coagulation/flocculation processes to enhance the nanofiltration performance towards water reuse (Zahrim et al. 2011) . This is because the coagulation/flocculation process reduces the concentration of impurities by improving the permeate flux after the sedimentation processes has been carried out (Simate et al. 2011) .
Fluidized bed reactor (FBR)
The FBR bioreactor (Fig. 5) works through the accumulation of the attached active biomass by enhancing the surface area required for the attachments. The wastewater treatment process is achieved on the surface of the small particles attached to the biomass in a constant suspension by the upward velocity of the liquid flow. In practical operations of the FBR bioreactor, an aggregation of biomass growth on the particles will cause several problems including biomass loss, variations in flow rate and gas production rates (Hulshoff 2004) . Alvarado-Lassman et al. (2008) utilized two anaerobic inverse fluidized bed reactors (IFBR) for the removal of organic matter (OM) from brewery wastewater at different organic loading rate (OLR) and testing two support materials of triturated polyethylene and 25% active volume extendosphere. The reactor was continuously operated with stepwise increments in the OLR until the limiting condition has been reached. IFBR achieved 90% COD removal efficiency up to 10 and 70 g COD/Ld OLR of brewery wastewater using triturated polyethylene and extendosphere supporting materials, respectively (Hulshoff 2004; Vijayaraghavan et al. 2006; Olajire 2012) .
Electrochemical methods
Electrochemical method is promising because of its robustness to various concentrations of organic and othe pollutants in the wastewater. Vijayaraghavan et al. (2006) developed an innovative approach based on in situ generation of hypochlorous acid (Eq. 1), served as an oxidizing agent (Eq. 2) for degradation of organic pollutants from brewery wastewater.
In the brewery wastewater, over 97% removal efficiency was achieved by the reduction of 2470 mg/L of COD into 64 mg/L. This hypochlorous acid was generated within the undivided electrolytic reactor using stainless steel sheet as a cathode and graphite anode. At the startup of the electrolysis processes, hydrogen gas and chlorine were produced at the cathode and anode, respectively (Eq. 1). The production of chlorine undergoes a disproportionation reaction mechanism resulting in the formation of hypochlorous acid (Hulshoff 2004 ) (Eq. 1) since, the cathode and anode were served in an undividable electrolytic reactor (Simate et al. 2011) . Chlorine undergoes further disproportionation of Cl − to Cl − 3 (Eq. 2) which was accelerated at high temperature (of 75 °C) and under alkaline conditions. Figure 6 shows the conceptual framework of the electrochemical reactor for wastewater treatment.
Energy categories and recovery approaches
Microbial fuel cells (MFC)
MFC is a promising new approach for the treatment of brewery wastewater while serving a valuable alternative to generate and recover energy (Wen et al. 2010; Simate et al. 2011; Olajire 2012 ). The system is integrated for both anaerobic treatment using bacteria in the solution near the anode and the cathode exposed to oxygen or an alternative chemical electron acceptor. Microorganisms attached to the anode of the MFC oxidize the substrates (i.e. brewery wastewater) and generate electrons, protons within the process, and reduce CO 2 . Then, the electrons are absorbed by the anode and transferred to the cathode through the external circuit. The electrons released by the bacterial oxidation of the organic matter pass through the external circuit to the cathode, where they combine with oxygen to form water (Fig. 7) . Various easily degradable compounds, including acetate, glucose, sucrose have been used as a substrate in the MFC operation (Anglada et al. 2009; Wen et al. 2010 ). Brewery wastewater is characterized by high COD, presence of high organics in water consisting of sugar, starch and protein components (Table 3) . Biological treatment is effective but requires a high-energy input due to the need for aeration process. With this perspective, MFCs have been tried for treatment of such wastewaters. The removal efficiency of brewery wastewater with an influent COD of 2250 ± 418 mg/L at 20 and 30 °C were 85 and 87%, respectively (Pandey et al. 2016) . However, the performance of sequential anode-cathode MFC was tested and achieved above 90% COD removal efficiency by reducing the COD influent from 1250 ± 100 mg/L into 60 mg/L (Pandey et al. 2016) . Other authors reported up to 94% COD removal with a similar approach (Feng et al. 2008) . The effectiveness of electricity generation with a maximum power density of 204 and 144 ± 7 mW/m 2 was achieved using MFC configurations from municipal and paper recycling wastewaters, respectively (Wen et al. 2010 ). Likewise, MFC was used to treat and generate electricity with a maximum power of 239 mW/m 2 at a COD influent of 4852 mg/L of starch processing wastewater (Wen et al. 2010) . Single air-cathode MFC configuration also generated a maximum power of 669 mW/ m 2 from COD influent of 1501 mg/L from brewery wastewater. The addition of phosphate buffer solution (PBS) and increasing of the substrate (wastewater) concentration have a favorable effect on the removal efficiency of the substrate and electrochemical performance of MFC demonstrations.
Anaerobic treatment for biodiesel production
The use of non-renewable energy limits sustainable industrial growth, and is needed to be replaced by an alternative biodiesel as renewable-energy source (Darpito et al. 2015) . Microalgae feedstock is one of the most prominent feedstocks for producing biodiesel (Mathuriya and Sharma 2010) , because microalgae have higher oil content, grows quickly, and capable of producing more biomass per unit land area than any terrestrial crop system (Metting and Pyne 1986; Ghirardi et al. 2000; Spolaore et al. 2006; Mathuriya and Sharma 2010) . Uduman et al. (2010) described that the high energy demand of microalgae biomass recovery, and cost of these processes make it unfeasible for the production of low-price commodities such as bioethanol and biodiesel. Accordingly, the cost efficiency of microalgae biomass recovery emerged as a vital factor affecting the total investment cost of the processes (Darpito et al. 2015) . To accomplish economically viable production of biodiesel, the use of wastewater has been suggested. Anaerobic brewery wastewater treatment (ABWWT) was applied as a low-cost nutrient source during the cultivation of Chlorella protothecoides for simultaneous treatment of brewery wastewater for biodiesel recovery. From 90-96% of total phosphorus and nitrogen were removed in ABWWT, while 1.88 g/L of Chlorella protothecoides biomass was accumulated. ABWWT was shown to grow the Chlorella protothecoides with an increase in cell aggregation and cell size, resulting in about 80% improved harvesting efficiency in 20 min with a total fatty acid composition of about 36% of its dry cell weight (Darpito et al. 2015) .
Anaerobic bioreactors for biogas production
Upflow anaerobic sludge blanket (UASB) bioreactor
The wastewaters in the UASB reactor (Fig. 8 ) enters a vertical tank at the bottom and passes upward through a dense bed of anaerobic sludge where the microorganisms in the sludge come in contact with the substrate. The sludge has a granular nature (1-4 mm) having a superior settling characteristics at a rate of above 50 m/h (Simate et al. 2011) . Then, the biogas is released when the organic substrates from the wastewater are attacked by the microbes. The three-phase (i.e. gas-liquid-solid-separator) at the top of the UASB reactor separates the biomass from the biogas and wastewater. Biogas serves as a substitute fossil fuel in the brewery boilers or as a fuel source to generate electricity. About 0.4-0.5 Nm 3 of biogas generated per kg of COD removed, has a composition of 70-85% CH 4 , 15-30% CO 2 and trace amount of H 2 S with a calorific value of about 35 MJ/m 3 (Uduman et al. 2010 ). In the brewery boiler, the use of biogas as a fuel can generate a positive energy balance. However, it is better to evaluate the economics of burning the biogas directly in the boiler.
UASB reactor is effective at higher COD concentrations of > 2 g/L with an average load of 10 kg COD/m 3 d (Olajire 2012) . The reactor is widely applied for the treatment of different municipal and industrial wastewaters (Uduman et al. 2010; Takahashi et al. 2011 ). This high rate anaerobic bioreactor has been proved to be an effective technology (Chen et al. 2016) . Akunna (2015) showed a maximum biogas production yield from brewery wastewater, range from 0.25 to 0.3 L CH 4 /g VS. The biogas production yield is very flexible, depending on the characteristics and composition of the wastewater. Many authors have investigated and reported different values, 0.25-0.3 L CH 4 /g VS (Turkdogan-Aydinol et al. 2011) , from 60 to 100 m 3 /wet tone of 20% TS and 311 mL CH 4 /g TS (Akunna 2015) . The anaerobically produced biogas can be further cleaned to upgrade CH 4 fraction or composition up to 95%, for the applications in domestic and industrial use for injection into the gas supply network. The upgraded biogas to pure methane (Biomethane) generates an option for the biogas to be used as a transport fuel for vehicles (Akunna 2015) . Chen et al. (2016) studied using anaerobic membrane bioreactor (AnMBR) with the state-of-the-art submerged membrane filtration. This system achieved above 98% COD removal with biogas production (0.53 m 3 biogas/kg COD) at 35 °C from the treatment of brewery wastewater.
Anaerobic sequencing batch reactor (ASBR)
In this reactor (Fig. 9) , the wastewaters enters at the bottom and passes upward through a dense bed of anaerobic sludge where the microorganisms in the sludge (i.e. a granular nature 1-4 mm having a superior settling characteristics) come into contact with the substrate. When the microbes attack the organic substrates from the wastewater, then the biogas is released. This high-rate anaerobic reactor has been applied for the treatment of brewery wastewater based on the principles of feeding and reacting processing steps. The anaerobic sludge in the reactor shows good settling and decanting characteristics.
This reactor has higher performance to remove COD for the recovery of biogas energy with various advantages such as no short circuits, flexible control, and no primary and secondary settles (Xiangwen et al. 2008) . This technology has been tested at pilot-scale and achieved above 90% of COD removal efficiency at controlled OLR from 1.5 to 5.0 kg COD/m 3 d and 24 h of HRT and at higher specific methanogenic activity (SMA). The sludge was completely granulated at 2 and 10 months, respectively for brewery and swine wastewaters treatment in an ASBR bioreactor (Xiangwen et al. 2008) . Compared with granular sludge developed from Effluent Sludge blanket Screened influent Biogas Gas bubbles an upflow UASB reactor, the granular sludge from brewery wastewater in an ASBR was small in size and has a greater density with 0.5 mm and SVI of 28.88 mL/g (Xiangwen et al. 2008) . The reactor configuration and wastewater composition may be contributed to the rapid formation of granular sludge. The main constituent of the wastewater from boiling processes of brewery plant is carbohydrate, which has contributed to the rapid formation of granular sludge in UASB reactor (Zahrim et al. 2011) . A maximum biogas production of 2.40 L/L d was achieved, which is equivalent to 0.48 m 3 /kg COD removed at 217 th day operation with 5.0 kg COD/m 3 d, and with 68% of CH 4 (Xiangwen et al. 2008) . This suggests that the ASBR reactor configuration is highly effective and an appropriate technology for high strength COD removal from brewery wastewater treatment.
Biological processes for hydrogen production
The production of hydrogen energy from renewable sources has received a substantial attention (Shi et al. 2010; Agler et al. 2010; Maintinguer et al. 2017; Pachiega et al. 2019) , and it will become the most promising clean and sustainable energy carrier due to economic and environmental reasons (Shi et al. 2010; Agler et al. 2010) . In this regard, industrial wastewaters rich in nutrients and organic matters can be utilized for growth of bacteria and enhance the production of hydrogen energy through the wastewater treatment mechanisms (Maintinguer et al. 2017 ). Due to the higher composition and availability of carbohydrates, brewery wastewater makes an ideal potential source of hydrogen production among various industrial wastewaters (Das and Veziroglu 2001a, b; Kraemer and Bagley 2007; Maintinguer et al. 2017 ). Carbon to nitrogen ratio (C/N) plays an important role in the hydrogen production (Seifert et al. 2010; Maintinguer et al. 2011; Rodrigues et al. 2016 ). In addition, biohydroegn formation can be influenced by the, temperature, pH and substrate concentration (Fillaudeau et al. 2006; Simate et al. 2011; Maintinguer et al. 2015; Rodrigues et al. 2016) , where increasing of these factors except for strain type can enhance hydrogen fermentation in a suitable range (Das and Veziroglu 2001a, b; Seifert et al. 2010) .
Various authors demonstrated the isolation of hydrogen producing bacteria such as E. aerogenes HU-101 (Nakashimada et al. 2002) , acidogenic consortia of anaerobic bacteria (Argun et al. 2009 ), E. aerogenes IAM 1183 (Ren et al. 2009; Zhao et al. 2009 ), anaerobic sludge (Shi et al. 2010) , R. sphaeroides O.U. 001 (Seifert et al. 2010) . E. cloacae KBH 3 (Harun et al. 2012) and Enterobacter sp. (Long et al. 2010; Maintinguer et al. 2017) . Enterobacter sp. a facultative-anaerobic hydrogen producing bacteria has a great potential and interest, specifically at industrial scale, because it shows a vital role in co-cultures, is facultative or anaerobic and efficient for hydrogen production in dark fermentation (Maintinguer et al. 2017) . In addition, the adaptability of Enterobacter sp. for a wide substrates makes it potential candidate for the fermentative production of hydrogen from industrial and municipal wastewaters, containing glycerol and sugars, which is desired from economic and environmental point of view. Maintinguer et al. (2017) demonstrated hydrogen-producing bacterial strains identified as Enterobacter sp. (based on 16S rRNA sequences) from granular sludge in an UASB reactor, which was applied to treat brewery wastewater using glycerol and sugars as a carbon source to produce hydrogen. Enterobacter sp. strain can produce 0.8 mol hydrogen/mol glucose consumed. This was carried out when 2.0 g/L of culture medium of glucose was used to grow 30 °C temperature, 9 h of fermentation time, and 367, 437 and 1101.26 mg/L of acetic acid, methanol, and ethanol were used as a liquid metabolites. This shows that Enterobacter sp. isolated from brewery wastewater is an effective hydrogen producing bacteria in the mesophilic conditions. In the fermentation process, the simultaneous production of hydrogen gas and biodegradation of glucose in a fermentation process from brewery wastewater follows following pathways (Rodrigues et al. 2016 ): (i) glucose consumption and formation of acetic acid (Eq. 3), and followed by (ii) glucose consumption and generation of butyric acid (Eq. 4).
Brewery wastewater also serves as an excellent substrate for photobiogeneration of hydrogen in the presence of R. sphaeroides (Seifert et al. 2010) . At 0.36 g dry wt/L inoculum concentration, 10% v/v concentration filtered of brewery wastewater, about 90% of hydrogen is found in the biogas composition. A maximum of 0.22 L H 2 /L of waste achieved at 10% v/v of waste concentration when brewery wastewater was subjected to sterilization at 120 °C for 20 min. In addition, about 2.24 L H 2 /L medium was also found within the light conversation efficiency (LCE) value of 1.7% (Seifert et al. 2010) . Shi et al. (2010) also produced 149.6 mL H 2 /g COD from brewery wastewater using activated sludge under controlled conditions of 35.9 °C, 5.95 and 6050 mg/L of temperature, pH and wastewater composition, respectively. In a separate study by Pachiega et al. (2019) , about 1.5 mol of H 2 /mol of fructose was found at 2 g/L of fructose, 5.5 pH and 37 °C temperature with subtropical granulated sludge inoculum from upflow anaerobic sludge blanket (UASB) reactor for efficient treatment of brewery wastewater.
Feasibility and future technological perspectives
The emerging environmental challenges and the increasing water/energy demands faced by brewery industry have motivated the implementation of resource recovery. Wastewater treatment for reuse is a promising and an emerging trend for non-conventional water resource (Janhom et al. 2009; Molinos-Senante et al. 2010 Dolnicar et al. 2011 ). However, the implementation of wastewater reuse in brewery industry is challenging due to the acquiescence with safety and health standards. The price of energy and water scarcity are increasing much faster than construction costs; therefore, the use of efficient and lower energy processes in wastewater treatment plants is more economically attractive. Thus, changing the conventional way of wastewater treatment into viable option of the resource oriented system is cost effective and resulting in increased technological adoptions (Dolnicar et al. 2011 ). In the context of wastewater treatment, if all the benefits arising from the treatment process exceed its total cost, then the wastewater treatment process has a positive role in terms of both economic viability that includes the revenues earned from the sale of reclaimed water and the environmental benefits resulting from the removal of pollutants (Dolnicar et al. 2011) . As reported by the "Spanish wastewater authorities" the price of reclaimed water for environmental applications is 0.9€/m 3 (Dolnicar et al. 2011; Molinos-Senante et al. 2011) . In a cost-benefit study conducted in the city of Xi'an (China), the cost of treated water for reuse is 0.15€/m 3 , which is lower than the price of using tap water 0.4€/m 3 (Wang et al. 2008a, b; Molinos-Senante et al. 2011 ). However, the economic feasibility of energy recovery and water reuse based approaches of wastewater treatment should incorporate not only the thought market value, but also the cumulative benefits to the environment, availability of scarce resources including water and economic viability. All the biological process mentioned in this particular work achieved over 90% COD removal efficiency; however, a combined process or the requirement of posttreatment has recommended to enhance the effluent quality for reuse to confirm with the existing environmental and health standards.
However, the main problems identified with respect to the water reuse potential of the treated brewery wastewater are (Wojnowska-Baryla et al. 2002; Fatta et al. 2005) : (i) concerns related to the public perception on the deterioration of water quality, and (ii) absence of water reuse standard guidelines linked with public health, hygiene and product quality and safety concerns (iii) the use of combined technologies has an opportunity to enhance the energy recovery and water reuse potential, but the costs associated with these technologies to be applied in large scale are challenging. Moreover, the public is open to use the recycled water for reuse implications, such as watering of irrigated plants and shrubs, but hesitates to adopt treated water for higher personal contacts, such as bathing or cleaning and drinking purposes (Wang et al. 2008a, b; Janhom et al. 2009 ). However, the bioenergy production has a positive prospect. The key factors driving wastewater reuse in brewery industry are: (i) compliances to environmental legislative measures (ii) water scarcity, and (iii) business sustainability issues. There are also several other ways to attain further enhancements on the potential of brewery wastewater treatment for water reuse and energy recovery which may include (Diaz-Elsayed et al. 2019; Dizge et al. 2018 ): (i) improving and optimizing bioreactor performance for the maximal water/energy recovery; (ii) the full-scale UASB reactor is efficient in reducing the pollutant load in the brewery wastewater, while further outlooks will be required for the treatment and complete removal of nutrients for large scale applications.
Conclusion
Brewery industry requires and generates large quantities of water and wastewater, respectively. Thus, water requirement, energy demand and wastewater management in brewery remains a critical problem, while waste management legislations are becoming more stringent. Energy demand and water consumption is not only an economic parameter but also a means to determine the process performance. This paper reviewed the existing and emerging biological processes applied in the treatment of brewery wastewater for possible implications of water reuse and/or energy production. Various technologies are recognized for the treatment of brewery wastewaters for reuse/recovery perspectives; and higher efficiency have been achieved at the laboratory scale.
3
The membrane bioreactors and fluidized bed bioreactor are effective for likely implications of water reuse potential, while the anaerobic bioreactors, including UASB and ASBR are promising for the production of biomass based electricity, biodiesel, biogas and biohydrogen from brewery wastewater. However, lack of environmental and health regulatory frameworks, cost of associated technologies and public perceptions hamper the practices of wastewater reuse. Hence it will be important to target these areas in future for maintaing the environmental sustainability by wastewater treatment and generation of green energy from brewery industry.
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